Diatoms form an enormous group of photoautotrophic micro-eukaryotes and play a crucial role in marine ecology. In this study, we evaluated typical genes to determine whether they were effective at different levels of diatom clustering analysis to assess the potential of these regions for barcoding taxa. Our test genes included nuclear rRNA genes (the nuclear small-subunit rRNA gene and the 5.8S rRNA gene+ITS-2), a mitochondrial gene (cytochrome c-oxidase subunit 1, COI), a chloroplast gene [ribulose-1,5-biphosphate carboxylase/oxygenase large subunit (rbcL)] and the universal plastid amplicon (UPA). Calculated genetic divergence was highest for the internal transcribed spacer (ITS; 5.8S+ITS-2) (p-distance of 1.569, 85.84 % parsimonyinformative sites) and COI (6.084, 82.14 %), followed by the 18S rRNA gene (0.139, 57.69 %), rbcL (0.120, 42.01 %) and UPA (0.050, 14.97 %), which indicated that ITS and COI were highly divergent compared with the other tested genes, and that their nucleotide compositions were variable within the whole group of diatoms. Bayesian inference (BI) analysis showed that the phylogenetic trees generated from each gene clustered diatoms at different phylogenetic levels. The 18S rRNA gene was better than the other genes in clustering higher diatom taxa, and both the 18S rRNA gene and rbcL performed well in clustering some lower taxa. The COI region was able to barcode species of some genera within the Bacillariophyceae. ITS was a potential marker for DNA based-taxonomy and DNA barcoding of Thalassiosirales, while species of Cyclotella, Skeletonema and Stephanodiscus gathered in separate clades, and were paraphyletic with those of Thalassiosira. Finally, UPA was too conserved to serve as a diatom barcode.
INTRODUCTION
Diatoms are a large group of unicellular photoautotrophic eukaryotes, containing approximately 200 000 extant species (Mann & Droop, 1996) , and are widely distributed in oceans, freshwater and soils and on damp surfaces. They are especially important in marine ecosystems, and are responsible for up to 45 % of the total oceanic primary production (Yool & Tyrrell, 2003) . Diatom communities can indicate water quality; therefore, they are often used as bio-indicators for ecological water quality (Stevenson et al., 2010) . Accurate identification of diatoms to the species level is crucial for monitoring water quality. Mainly based on the morphological characteristics of siliceous frustules, the diatoms have been divided into two groups (centric and pennate) (Simonsen, 1972; Round et al., 1990) or three classes [Coscinodiscophyceae (centric diatoms), Fragillariophyceae (araphid diatoms) and Bacillariophyceae (raphid diatoms)] (Round et al., 1990) . However, their small size, ambiguous definition and subtle differences often make identification to the level of genus or species complex. Morphology is not always a reliable indicator of species boundaries and phylogenetic relationships in some diatom groups (Evans et al., 2007) . However, with the help of molecular technologies, this may be overcome. Hebert et al. (2003) first proposed a short DNA sequence of cytochrome c-oxidase subunit 1 (cox 1, COI) as a barcode for animal identification. DNA barcodes provide reliable evidence for species identification, and consist of a standardized short sequence of DNA that can be generated easily and characterized for all species under analysis (Savolainen et al., 2005; Ratnasingham & Hebert, 2007) . An ideal DNA barcode should possess the following: (i) conserved flanking fragments to facilitate the design of universal primers; (ii) a sequence length obtainable in a single amplification; (iii) the power to identify organisms at the species level (Moniz & Kaczmarska, 2010) . Many markers (such as rRNA genes, mitochondrial and chloroplast genes) have been used to identify species or to assess phylogenetic relationships, and the use of molecular data for diatom phylogeny dates back to the report by Medlin et al. (1993) . The small-subunit (SSU) rRNA gene from a broad range of diatom species has been used to elucidate diatom phylogeny (Medlin et al., , 1997 that generally supports classical morphological taxonomies (Simonsen, 1979; Round et al., 1990; Medlin et al., 1993 Medlin et al., , 2000 Sörhannus, 2004 Sörhannus, , 2007 . rRNA genes, COI and rbcL (ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit) have also been used to discriminate complex diatom species or to estimate phylogeny (Lundholm et al., 2006; Evans et al., 2007; Jung et al., 2010; Kooistra et al., 2010; MacGillivary & Kaczmarska, 2012) . Different portions of the rRNA genes can resolve different levels of phylogenetic relationship (Alverson, 2008) . The SSU (18S) and large-subunit (LSU; 28S) rRNA genes have often been used for phylogenetic inference studies at higher taxon levels (Sörhannus, 2004; Alverson et al., 2006) , while internal transcribed spacer (ITS) sequences are considered useful in defining intraspecific or population-level differences because of their fast evolution, being less subject to functional constraints (Behnke et al., 2004; Beszteri et al., 2005; Godhe et al., 2006; Vanormelingen et al., 2007 Vanormelingen et al., , 2008 . The relative rates of evolution of rRNA genes and mitochondrial and chloroplast genes vary in different groups (Bruder & Medlin, 2007) ; therefore, they are suitable for reconstructing phylogenetic relationships among taxa of different phylogenetic ranks (e.g. species, genus, family, order and class). COI has been used extensively and very successfully for barcoding various animals and some protist taxa such as red and brown algae (Saunders, 2005; Kucera & Saunders, 2008) and 22 species of the genus Sellaphora (Evans et al., 2007) . A segment of the 59-end of rbcL (rbcL-59) has been shown to function as a dual-locus barcode with matK in flowering plants (de Vere et al., 2012) ;
MacGillivary & Kaczmarska (2011) have examined the universal application of rbcL-59 to the Mediophyceae and Bacillariophyceae, and the 39-end of rbcL has been examined in species of the Naviculales and Bacillariales; its universal application has yet to be assessed (Hamsher et al., 2011) . The universal plastid amplicon (UPA) region has been proposed as a possible algal barcode region because of its short length and universal primers (Sherwood & Presting, 2007) , and it is easily amplified for diatoms, but it is considerably more conserved in diatom species (Hamsher et al., 2011) .
Although several DNA markers show promise for diatom phylogenetic studies, a universal DNA barcode satisfying the purposes of phylogenetic study has not been identified. Generally, the proposed fragment needs at least two pairs of primers. Thus, the main objectives of this study were to design universal primers for each potential diatom barcode gene (18S, ITS, COI and rbcL) and to evaluate whether these amplified regions are effective at different levels of diatom clustering analysis, to assess the potential of these regions for barcoding of some taxa.
METHODS
Design of primers. The sequences of the 18S rRNA gene, the ITS (5.8S rRNA gene plus ITS-2) and the COI and rbcL genes were downloaded from NCBI and then classified and aligned for each gene. Degenerate primers were designed according to their conserved portions by merging different bases at the same position. The primer sequences are shown in Table 1 .
Cultures and morphological identification. Water samples were obtained from Zhanshan Bay (36u 029 580 N 120u 209 410 E) and Shilaoren Bay (36u 059 200 N 120u 299 210 E), Qingdao, Shandong Province, PR China, and the South China Sea. Thirty-seven clonal cultures were established by single-cell isolation. All cultures were maintained in F/2 medium (Guillard, 1975) and incubated at 20 uC under a 12 h : 12 h light/dark cycle at low irradiance (10-25 mmol photons?m 22 ?s 21 ).
Pure cultures of diatom strains were identified to the species or genus level by using morphological characters based on observations under Table 2 . In total, 37 strains were identified, and they covered the main groups of diatoms, including radial centric and multipolar centric diatoms, araphid and raphid pennate diatoms. Among these species, 36 strains belonged to 20 genera, representing 16 families and 14 orders. One exception was a diatom defined as 'unidentified species in Thalassiosirales (UST)', as the morphology of this species was very similar to that of Thalassiosira, having fasciculate areolation and a six to eight fultoportulae structure, but no rimoportulae (Round et al., 1990) .
DNA extraction, PCR amplification and sequencing. Cells were harvested by centrifugation (12 000 r.p.m.) and washed twice with 16 TE buffer, and genomic DNA was extracted using the 26 CTAB method (Rogers & Bendich, 1985) or a Plant Genomic DNA kit (Tiangen). The target sequences were amplified by PCR using the degenerate primers detailed in Table 1 . The PCR was performed with 20 ml reaction mixture containing 11.4 ml sterile distilled water, 2 ml 106 Taq buffer (Thermo Scientific), 1.2 ml MgCl 2 (4 mM), 1.2 ml dNTP mixture (4 mM), 1 ml each primer (10 pM), 1 U Taq DNA polymerase (Thermo Scientific) and 2 ml DNA template. PCR programs were run with initial denaturation at 94 uC for 5 min, followed by 35 cycles of 94 uC for 40 s, annealing (59 uC for ITS, 18S rRNA and COI; 55 uC for rbcL and UPA) for 40 s and 72 uC for 45 s, and a final extension at 72 uC for 10 min. PCR products were confirmed by 1 % agarose gel electrophoresis. PCR products were sequenced by direct bidirectional sequencing or cloned into the PMD 18-T vector (Takara).
Molecular divergence and base substitution saturation analysis.
All five genes were amplified from the 37 diatom strains and sequenced (accession numbers are detailed in Table S1 , available in the online Supplementary Material). Other sequences of the 18S rRNA gene (541 sequences), ITS (61 sequences), COI (77 sequences) and rbcL (315 sequences) available from NCBI were downloaded for phylogenetic analyses. After elimination of apparently erroneous sequences, alignments were created by using CLUSTAL_X version 2.1 (Larkin et al., 2007) . The aligned sequences were trimmed at each end. Genetic distances and percentages of parsimony-informative sites (%PI) were calculated using MEGA 6.0 (Tamura et al., 2013) . Analysis of base substitution saturation was performed using the DAMBE software (Xia & Xie, 2001) .
Phylogenetic analysis. Phylogenetic analyses for the five genes were estimated using Bayesian inference (BI) as carried out in MrBayes version 3.2 (Ronquist & Huelsenbeck, 2003) . Gaps were treated as missing data. The program Modeltest version 3.7 (Posada & Crandall, 1998 ) was used to explore the evolutionary model (Table 3) of sequences that best fitted the five datasets using the Akaike information criterion (AIC) (Luo et al., 2010) . In BI analyses, all Bayesian Markov chain Monte Carlo (MCMC) analyses were run with four Markov chains (three heated chains, one cold) for 1 000 000 generations. Trees were sampled every 100 generations. We obtained posterior probability values for the branching patterns in BI trees. Trees were edited by using FigTree version 1.4 (Rambaut, 2013) .
RESULTS
Amplification, sequencing and BLAST success for the five genes
Amplification and sequencing success are summarized in Table 4 . Amplification of the five genes was very successful. PCR products of rbcL and UPA were sequenced directly, while several amplified fragments of the 18S rRNA gene, ITS and COI were sequenced after being cloned.
BLAST results against NCBI are also shown in (Table 4) , showing variations within the sequences for each gene. COI sequences had the highest mean p-distances, and ITS sequences contained more PI sites than the 18S rRNA gene, rbcL and UPA. Variation in the ITS and COI genes was much higher, as revealed by both p-distance and %PI values compared with those of the other genes. However, p-distance and %PI values showed that the variation in UPA was much lower in the 37 diatom strains. In addition, a limited number of UPA sequences have been uploaded to NCBI; these sequences were therefore not used in the following analysis.
Base substitution saturation analysis
Base substitution saturation curves are displayed in Fig. S1 . Transversion was higher than transition for the four datasets, and both transition and transversion of ITS and COI reached saturation for the diatom phylum, particularly COI. In contrast, the curves for the 18S rRNA gene and rbcL sequences were linear, suggesting the possibility of further substitution.
Phylogenetic analysis of the four gene markers in diatoms
In total, 578 sequences of the 18S rRNA gene, 98 sequences of ITS, 117 sequences of COI and 352 sequences of rbcL were used for the phylogenetic analysis. Based on 18S rRNA gene sequences (Fig. 2; 18S tree) , the 578 sequences clustered into three main clades: 'clade Bacillariophyceae', 'clade Fragilariophyceae' and 'clade Coscinodiscophyceae and Mediophyceae'. Three small clades that did not cluster in these main clades are highlighted in Fig. 2 . Small clades belonging to the Coscinodiscophyceae and Mediophyceae were mixed and separated from clade Bacillariophyceae and clade Fragilariophyceae. Some lower taxa clustered well, such as the genera Aulacoseira, Licmophora and Skeletonema and the family Amphipleuraceae (Fig. 3) . The rbcL region failed to resolve diatom clustering relationships in the way that the 18S rRNA gene tree did (Fig. 2; rbcL tree), but there were exceptions among the lower taxa (Fig.  4) ; for example, species belonging to genera Gomphonema and Skeletonema and the families Stephanodiscaceae and Rhizosoleniaceae clustered into single clades.
In the phylogeny of the ITS (Fig. 2 ; ITS tree), sequences of members of Cyclotella, Discostella, Skeletonema, Stephanodiscus and Thalassiosira formed a 'clade Thalassiosirales', and the species of these genera separated well within the clade. However, other centric and pennate diatoms were clustered out of order. This may suggest that this ITS portion could be suitable for species discrimination and phylogenetic analyses of lower taxa within the Thalassiosirales. Thus, another tree focusing on the Thalassiosirales (Fig. 5 ) was reconstructed with 44 available sequences belonging to four genera, Cyclotella, Skeletonema, Stephanodiscus and Thalassiosira, with Phaeodactylum triconutum, Nitzschia panduriformis, Stephanopyxis turris and Chaetoceros didymus as the outgroup. This showed that different species of the Thalassiosirales clustered very well; species of Cyclotella, Skeletonema and Stephanodiscus gathered into single clades and these were paraphyletic groups within the Thalassiosira clade. In addition, Thalassiosira pseudonana along with Thalassiosira weissflogii and Thalassiosira guillardii were clustered within the clade of genus Skeletonema, which differed from the report of Lee et al. (2013) , where they clustered with Cyclotella. However, Thalassiosira angustelineata, T. minuscula, T. oceanica, T. eccentrica, T. punctigera, T. aestivalis, T. curviseriata, T. rotula and three other species of Thalassiosira were sister clades with Stephanodiscus, which had the same pattern as in the study of Lee et al. (2013) . Similar to the result of Von Dassow et al. (2008) , the four sequences from Thalassiosira oceanica did not cluster into one Fig. 2 . Phylogenetic trees of the 18S rRNA gene, the ITS and the rbcL and COI genes. Three clades that did not cluster into their traditional classes are shaded in dark grey in the 18S rRNA gene tree. Species belonging to the class Mediophyceae were shaded in light grey. Species of the Thalassiosirales are shaded in dark grey in the ITS tree; while five genera that clustered well, including all of the analysed species, are shaded in dark grey in the COI tree.
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With regard to phylogenetic analyses of COI (Fig. 2 ; COI tree), the COI region performed poorly in phylogenetic analysis of the whole diatom group. However, it showed some potential for clustering of some pennate species, such as those belonging to the genera Frustulia, Sellaphora, Cyclophora, Fragilariopsis and Asterionellopsis. To explore this analysis, we focused on the Bacillariophyceae and reconstructed a tree for the tested COI region by using 49 available sequences from pennate members of the Bacillariales, Naviculales, Fragilariales and Thalassionemales, with Thalassiosira curviseriata and Chaetoceros didymus as the outgroup (Fig. 6) . It clustered most of the species of the Bacillariales and Naviculales except Bacillaria paradoxa and Pseudo-nitzschia sp. 2. Species of the Bacillariales clustered into one clade and had a sister relationship with species of the Naviculales clades. Species of the same genus (such as Frustulia, Haslea, Sellaphora and Navicula) were confirmed and clustered together. Fistulifera, Haslea and Navicula clustered into one clade, which was in the same family Naviculaceae.
DISCUSSION
Primer universality Kress & Erickson (2008) proposed that several factors must be considered and weighted when selecting a DNA barcode: universal PCR amplification, range of taxonomic diversity, power of species differentiation and bioinformatic analysis and application. Generally, for one gene marker, at least two or more pairs of primers are used, especially for ITS, COI and rbcL (Evans et al., 2007; Moniz & Kaczmarska, 2010; Trobajo et al., 2010; Hamsher et al., 2011) .
Universal primers were designed from conserved regions of the alignments to compare the four candidate gene markers (18S rRNA gene, ITS, COI and rbcL), and the 'universality' of our primers were tested on species of the Bacillariophyta. They were used successfully in our laboratory to amplify these regions from a variety of taxa including 37 strains representative of the Bacillariales, Biddulphiales, Chaetocerotales, Coscinodiscales, Leptocylindrales, Lithodesmiales, Hemiaulales, Melosirales, Naviculales, Rhizosoleniales, Striatellales, Thalassionemales and Thalassiosirales. rbcL and UPA were amplified and sequenced easily for all 37 strains, representing about 20 genera, while the 18S rRNA gene, ITS and COI were amplified and sequenced successfully in most cases, except for several that were sequenced after being cloned, as they were less conserved than rbcL and UPA (Table 4 ). Universal primers for the 18S rRNA gene, ITS, COI and rbcL are not available at present based on the limited number of tested strains, and further testing on additional diatoms should be carried out. However, the amplification and sequencing success using these primers on other diatom lineages should be similar.
Nuclear rRNA genes and chloroplast and mitochondrial genes of diatoms
As a large group, diatoms display a high degree of variation in both morphology and DNA sequence, including the nuclear rRNA genes and chloroplast and mitochondrial genes. An increase in the number of diatom sequences in the databases and the development of techniques for molecular analyses using various genes have gradually expanded our knowledge of diatom phylogeny (Theriot et al., 2010) . Different markers can resolve different levels of phylogenetic relationships and their molecular divergences. However, few studies or comparisons of gene Assessment of diatom barcode genes markers have been undertaken within the phylum. From the calculation of genetic divergence, we found that ITS and COI were highly divergent compared with the other tested genes. In addition, analysis of PI sites displayed variations within the nucleotide sequence for each gene, in which the highest PI value was recorded for ITS (85.84 %), followed by COI (82.14 %), and the lowest values were found for rbcL (42.01 %) and UPA (14.97 %) . The PI values indicate that the ITS has evolved around 2.00 and 5.72 times faster than the rbcL and UPA genes, respectively (Table 4) , indicating that ITS and COI nucleotide compositions are very variable within the whole group of diatoms, probably because of their hypervariable domains (Moniz & Kaczmarska, 2009 . Base substitution saturation curves also confirmed that ITS and COI were too variable to be used in phylogenetic analysis of the whole diatom group. The UPA gene was the most conservative compared with the other genes, suggesting that it may be unsuitable as a marker for diatom barcoding.
Effectiveness of selected genes for clustering diatoms
When the four unrooted trees were compared, they displayed potential for resolving the cluster of different taxa. Although the 18S rRNA gene performed better than the other three in clustering higher taxa, it did not correctly show the phylogenetic relationship of diatoms, as described in the study of Medlin & Kaczmarska (2004 
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For rbcL, MacGillivary & Kaczmarska (2011) proposed a 540 bp fragment of rbcL as a better barcode to distinguish the Mediophyceae and Bacillariophyceae, without mentioning its capacity for phylogenetic analysis. rbcL as tested in this study was more conserved than the 18S rRNA gene and failed to cluster the entire group of diatoms; however, the sequences both performed well in clustering of some lower taxa.
ITS, the rRNA gene internal transcribed spacer, generally refers to the highly variable ITS-1 and ITS-2 regions along with the conserved 5.8S rRNA gene. The ITS region has already been used as a marker in some protists (e.g. dinoflagellates; Stern et al., 2012) , certain animal groups (Moritz et al., 2001) and fungi (Seifert, 2009; Schoch et al., 2012) . Moniz & Kaczmarska (2009 proposed the 5.8S+ITS-2 fragment as a tool to screen the most species-rich classes of diatoms including the mainly marine taxa of the Mediophyceae and Bacillariophyceae. We found that the tested region of 5.8S+ITS-2 (referred to as ITS in this study) had significant potential in clustering species within the Thalassiosirales. Based on analysis of the two ITS phylogenetic trees, we propose that the ITS might be a suitable marker for DNA-based taxonomy and DNA barcoding of the Thalassiosirales.
COI is a mitochondrial gene that encodes cytochrome coxidase subunit 1, and previous research has proved that the 59 end of COI (COI-59) could distinguish closely related lineages, such as Frustulia, the Nitzschia palea species complex and the Sellaphora species complex (Evans et al., 2007; Trobajo et al., 2010; Urbánková & Veselá, 2013 5 . ITS phylogeny of 44 species of the Thalassiosirales, with Phaeodactylum triconutum, Chaetoceros didymus, Nitzschia panduriformis and Stephanopyxis turris as the outgroup in a BI analysis. The best-fit model was GTR+G, with parameters set as follows. Base5(0.2256, 0.2252, 0.2720), Nst56, Rmat5(1.0999, 2.9106, 1.0786, 0.4572, 4.1452), Rates5gamma, Shape50.6062, Pinvar50. Node labels are posterior probabilities of the BI consensus tree.
Assessment of diatom barcode genes
amplifying COI from a wide range of diatom taxa. In this study, COI was amplified by only one pair of primers, and showed potential only in confirming the clustering of lower taxa, for instance some pennates (Fig. 2, COI tree; Fig. 6 ), as a result of its high variation. Thus, the tested COI region was not suitable for clustering analysis of the whole diatom phylum, but was useful for clustering or barcoding species of some genera within the Bacillariophyceae. L. Guo and others
